Micro-damage evolution and macro-mechanical property degradation of limestone due to chemical effects by Li, H et al.
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$EVWUDFW 
,Q WKLV VWXG\ 1XFOHDU 0DJQHWLF 5HVRQDQFH 105 LPDJLQJ LQ FRPELQDWLRQ ZLWK
PHFKDQLFDOWHVWVDUHFDUULHGRXWWRLQYHVWLJDWHWKHLQIOXHQFHRIFKHPLFDOVROXWLRQVRQ
SRURVLW\ FKDQJH PLFUR GDPDJH DQG PDFUR PHFKDQLFDO SURSHUW\ GHJUDGDWLRQ RI
OLPHVWRQH VDPSOHV XQGHU H[WHUQDO VWUHVV 7KH 105 LPDJHV DQG 7 YDOXHV IRU
FRPSUHVVLRQ VWDJH PLFUR GDPDJHV HPHUJHQFH VWDJH PLFUR GDPDJHV GHYHORSPHQW
VWDJH DQG IUDFWXUH DQG FROODSVH VWDJH DUH REWDLQHG DQG DQDO\VHG 7KH UHVXOWV RI WKH
FRUURVLYH LQIOXHQFH RI FKHPLFDO VROXWLRQV ZLWK GLIIHUHQW S+ YDOXHV DQG LPPHUVLRQ
SHULRGVRQWKHPHFKDQLFDOSURSHUW\GHJUDGDWLRQRIOLPHVWRQHVDPSOHVDUHLQYHVWLJDWHG 
By choosing porosity as the damage variable, the micro damage of the samples during 
chemical erosion and triaxial compression are calculated. ,WFDQEHFRQFOXGHGWKDWS+
YDOXHVRI WKHFKHPLFDOVROXWLRQVFKDQJHWKHSRURVLW\DQGPLFURGDPDJHRIWKHURFN
ZKLFK LV WKH URRW UHDVRQ IRU LWV PHFKDQLFDO SURSHUWLHV GHJUDGDWLRQ 7KH FKHPLFDO
HURVLRQ DOVR KDV D VLJQLILFDQW LQIOXHQFH RQ WKH PLFUR FUDFN SURSDJDWLRQ LQ WKH
OLPHVWRQHVDPSOHVXQGHUWULD[LDOFRPSUHVVLRQ 
.H\ZRUGV1XFOHDU0DJQHWLF5HVRQDQFH1057VSHFWUXPGLVWULEXWLRQ0LFUR
GDPDJH&KHPLFDOHIIHFWV/LPHVWRQH 
,QWURGXFWLRQ 
8QGHUJURXQG URFN PDVV LV RIWHQ VXUURXQGHG E\ ZDWHU FRQWDLQLQJ FRPSOH[ FKHPLFDO LFRQV DQG
GLIIHUHQW S+ YDOXHV ZKLFK PD\ KDYH FRPSOH[ HIIHFWV RQ WKH PHFKDQLFDO SURSHUWLHV RI WKH
XQGHUJURXQGURFNV>@7KLVLVEHFDXVHWKHSUHVHQFHRIZDWHURIWHQFRQWDLQVGLIIHUHQWFKHPLFDOVDQG
WKH UHDFWLRQ EHWZHHQ FKHPLFDO LFRQV ZLWK URFN LV D VLJQLILFDQW IDFWRU WKDW DFFHOHUDWHV IDLOXUH
SURJUHVVOHDGVWRPHFKDQLFDOFKDUDFWHULVWLFVGHFUHDVHRIURFNRUFDXVHVJHRORJLFDOGLVDVWHUVVXFK
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DV ODQGVORSHDQGHDUWKTXDNHV >-@ ,QXQGHUJURXQGVWRUDJHFRQVWUXFWLRQV VXFKDVQXFOHDUZDVWH
VWRUDJH>@DQGXQGHUJURXQGUHVHUYRLUV>@WKHZDWHUKDVDVLJQLILFDQWLQIOXHQFHRQWKHVWDELOLW\RI
WKHVHXQGHUJURXQGFRQVWUXFWLRQV5HVHDUFKRQPHFKDQLFDOSURSHUWLHVRIFKHPLFDOFRUURGHGURFNLV
RQHRIWKHLPSRUWDQWWRSLFVLQJURXQGZDWHUUHVHUYRLUVRLOGULOOLQJCO2 injection,WR[LFPDWHULDORU
QXFOHDUZDVWHGLVSRVDOVORSHDQGGDPIRXQGDWLRQDQGXQGHUJURXQGURFNHQJLQHHULQJVWUXFWXUHVHWF 
2YHUWKHSDVWIHZ\HDUVHIIRUWVKDYHEHHQPDGHWRLQYHVWLJDWHWKHPHFKDQLFDOUHVSRQVHRIWKHURFNV
WRFKHPLFDOHIIHFWV LQSDUWLFXODU WKH injection of CO2 into sedimentary rocks [8-11]. Grgic et al., 
[12] FRQGXFWHG CO2 LQMHFWLRQ WHVWV RQ RROLWLF OLPHVWRQH LQ WULD[LDO FHOOV DW WHPSHUDWXUH DQG
PHFKDQLFDO VWUHVVHV 7KH ORQJ-WHUP PHFKDQLFDO DQG SHWURJUDSKLFDO HYROXWLRQV RI WKH RROLWLF
OLPHVWRQHZHUHVWXGLHGE\DVSHFLILF³IORZ-WKURXJK´WULD[LDOFHOOZKLFKFDQPHDVXUHYHU\ORZVWUDLQ
UDWHVLQERWKD[LDODQGODWHUDOGLUHFWLRQV5HVXOWVLQGLFDWHWKDWCO2 GLGQRWSOD\DVLJQLILFDQWUROHLQ
WKHFKHPLVWU\RIFDUERQDWHUHVHUYRLUVGXHWRWKH+2-CO2-FDOFLWHUH-HTXLOLEULXPDQGGLGQRWLQGXFH
UHVHUYRLUFRPSDFWLRQDQGDIIHFWLWVORQJ-WHUPVWRUDJHFDSDFLW\LQZKDWHYHUWKHVWUHVVVWDWHLVRWURSLF
RUGHYLDWRULF+DQJ[HWDO>@SHUIRUPHGFRQYHQWLRQDOWULD[LDOFUHHSH[SHULPHQWVFRPELQHGZLWK
IOXLG IORZ-WKURXJK H[SHULPHQWV EULQH DQG CO2-ULFK EULQH RQ FDUERQDWH- DQG TXDUW]-FHPHQWHG
&DSWDLQ 6DQGVWRQH IURP WKH *ROGHQH\H ILHOG 7KH FDUERQDWH FHPHQW GLVVROXWLRQ HIIHFWV RQ
PHFKDQLFDO DQG XOWUDVRQLF SURSHUWLHV DV ZHOO DV RQ WKH IDLOXUH VWUHQJWK RI WKH VDQGVWRQH ZHUH
VWXGLHG*XHQ>@FRQGXFWHGH[SHULPHQWVRQORZDQGKLJK D?஼ைమ 03DDTXHRXVIOXLGVLQMHFWLRQ
WHVWV. )OXLGVH[LWLQJWKHWULD[LDOFHOOVZHUHFRQWLQXRXVO\FROOHFWHGDQGWKHLUFRPSRVLWLRQVDQDO\]HG 
5HVXOWVVKRZWKDWDOOVDPSOHVVKRZHGDSRVLWLYHFRUUHODWLRQEHWZHHQIOXLGIORZUDWHDQGVWUDLQUDWH 
Hangx HW DO >@ FRQGXFWHG WKH WHVW XQGHU LQ VLWX UHVHUYRLU FRQGLWLRQV WKH HIIHFW RI FDUERQDWH
FHPHQW GLVVROXWLRQ RQ PHFKDQLFDO SURSHUWLHV RI WKH VDQGVWRQH ZHUH LQYHVWLJDWHG *DXV >@
LQYHVWLJDWHG WKH &2±URFN LQWHUDFWLRQV DQG LGHQWLILHG WKH PDLQ DVSHFWV WKDW SRVVLEO\ DIIHFW WKH
VDIHW\DQGRUIHDVLELOLW\RIWKH&2VWRUDJHVFKHPH 
0HDQZKLOH VRPHVWXGLHVKDYHDOVREHHQFRQGXFWHG WR LQYHVWLJDWH WKHFKPLFDO VROXWLRQHIIHFWVRQ
WKH PHFKDQLFDO SURSHUWLHV RI WKH URFN *UJLF HW DO >@ XVHG DFRXVWLF HPLVVLRQ WR VWXG\ WKH
LQIOXHQFH RI ZDWHU RLO DQG DOFRKRO VROXWLRQV RQ WKH PDFUR PHFKDQLFDO SURSHUWLHV RI VDQGVWRQH
VDPSOHV7KHUHVXOWVVKRZWKDW WKHUH LVDFORVHUHODWLRQVKLSEHWZHHQDFRXVWLFHPLVVLRQHYHQWVDQG
WKHVKDSHRIWKHFUHHSFXUYH&UHHSFKDUDFWHULVWLFVRIPLFURFUDFNVFDQEHUHYHDOHGE\VWXG\LQJWKH
VWDWLF HODVWLF SURSHUWLHV RI URFNV &KDL HW DO >@ LPPHUVHG FOD\H\ URFNV LQWR GLIIHUHQW FKHPLFDO
VROXWLRQV DQG REVHUYHG WKDW WKH H[SDQVLRQ HIIHFW RI FOD\H\ URFNV UHOLHV RQ WKH FRQFHQWUDWLRQ RI
DTXHRXV VROXWLRQ DQG WKH H[SDQVLRQ HIIHFW GHFUHDVH ZLWK WKH LQFUHDVH RI FRQFHQWUDWLRQ RI WKH
VROXWLRQ &DUU\LQJ RXW XQLD[LDO WHVWV RQ FKHPLFDO FRUURGHG OLPHVWRQH VDPSOHV )HQJ HW DO >@
VWXGLHGWKHFRXSOLQJHIIHFWRIPXOWLSOHFUDFNVSURSDJDWLRQODZDQGIRXQGWKDWWKHFUDFNHYROXWLRQRI
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WKHFKHPLFDOFRUURGHGVDPSOHVGXULQJWKHXQLD[LDOORDGLQJLVYHU\FRPSOH[ZKLFKGHSHQGVRQWKH
S+YDOXHRIWKHFKHPLFDOVROXWLRQFRQFHQWUDWLRQRIFKHPLFDOLRQVLQVROXWLRQPLQHUDOFRPSRVLWLRQ
RIWKHURFNDQGSUH-H[LVWLQJFUDFNVHWF0RKWDUDPLHWDO>@XVHGextended finite element method 
(XFEM) to model fracturing graded brittle rocks by chemical corrosion, and investigated the cUDFN
SURSDJDWLRQE\FRQVLGHULQJGLIIHUHQWFRUURVLYHVROXWLRQVXQGHUYDULRXVPHFKDQLFDOORDGLQJLQWKUHH-
SRLQWDQGIRXU-point bending tests both numerically and experimentally.  
However, WKH H[LVWLQJ VWXGLHV VR IDU KDYH EHHQ PDLQO\ IRFXVLQJ RQ WKH PDFUR DQG PHVRVFRSLF
PHFKDQLFDO SURSHUWLHV RI URFN XQGHU WKH FKHPLFDO HQYLURQPHQW VXFK DV WKH GHJUDGDWLRQ RI URFN
VWUHQJWK DQG HODVWLF PRGXOXV PDFUR FUDFN SURSDJDWLRQ H[SDQVLRQ HIIHFW RI URFNV IUDFWXUH
WRXJKQHVV HWF Under the effect of chemical solutions, large changes would occur at micro scale 
within rocks. Microstructural changes can cause macro-mechanical changes [19]. Thus, the study 
on micro damage and mechanical property degradation of chemical corroded rocks is of great 
importance. However, there is little research on this issue, and thus the prediction of the mechanical 
behaviour of chemical corroded rocks and effective coupled chemical-mechanical modeling become 
very difficult. 
9DULRXV FKDUDFWHUL]DWLRQ WHFKQLTXHV KDYH EHHQ SURSRVHG WR VWXG\ WKH FKDQJH RI PHFKDQLFDO
SURSHUWLHVRIURFNDIWHUFKHPLFDOHURVLRQLQFOXGLQJFRPSXWHUL]HGWRPRJUDSK\&7WHFKQLTXH>
@ DQG 1XFOHDU 0DJQHWLF 5HVRQDQFH 105 > @ 7KH 105 LV SRZHUIXO IRU LQYHVWLJDWLQJ
PLFUR FKDQJHV LQVLGH WKH VDPSOHV LQ JUHDW GHWDLOV DQG DOVR KDV ZLGH DSSOLFDWLRQV LQ PHGLFDO
GLDJQRVLVJHRWHFKQLFDOHQJLQHHULQJRLODQGJDVH[SORUDWLRQDQGUHFHQWO\LQURFNWHVWV>-@ /LHW
DO >@ XVHG 105 WR LQYHVWLJDWH WKH SRUH VWUXFWXUH RI WKH URFN &DL HW DO >@ LQYHVWLJDWHG WKH
FKDQJHV RI SURSHUWLHV DQG PHFKDQLFDO FKDUDFWHULVWLFV RI WKH URFN DIWHU FKHPLFDO HURVLRQ XQGHU
LGHQWLFDOORDGLQJFRQGLWLRQVLQFOXGLQJGHIRUPDWLRQDQGVWUHQJWKFKDUDFWHULVWLFV&DUSHQWHU>@XVHG
105 LPDJLQJ WR WKH PHDVXUHPHQW RI ZDWHU FRQWHQW GLVWULEXWLRQV LQ OLPHVWRQH 7KH K\GUDXOLF
GLIIXVLYLW\RIOLPHVWRQHLVIRXQGWREHDQDSSUR[LPDWHO\H[SRQHQWLDOIXQFWLRQRIWKHZDWHUFRQWHQW
LQDJUHHPHQWZLWKH[SHULPHQWDOGDWDRQRWKHUSRURXVPDWHULDOV  
%\ XVLQJ 105 WKLV SDSHU SUHVHQWV H[SHULPHQWDO UHVHDUFK RQ WKH PLFUR GDPDJH HYROXWLRQ RI
OLPHVWRQHWUHDWHGZLWKGLIIHUHQWFKHPLFDOVROXWLRQVRYHUGLIIHUHQWLPPHUVLRQSHULRGV105LPDJHV
DQG7YDOXHVWUDQVYHUVHUHOD[DWLRQWLPHGLVWULEXWLRQZKLFKGHSHQGVRQWKHVL]HRIZDWHU-VDWXUDWHG
SRUHVIRUOLPHVWRQHLQQHUVHFWLRQVDUHREWDLQHG%DVHGRQWKHH[SHULPHQWDOGDWDWKHPLFURGDPDJH
HYROXWLRQ LV LQYHVWLJDWHG DQG WKH FRPSUHVVLRQ VWDJH PLFUR GDPDJHV HPHUJHQFH VWDJH PLFUR
GDPDJHV GHYHORSPHQW VWDJH IUDFWXUH DQG FROODSVH VWDJH RI WKH FKHPLFDO FRUURGHG OLPHVWRQH
VDPSOHVDWGLIIHUHQWORDGLQJOHYHOVKDYHEHHQREWDLQHGDQGDQDO\VHG7KHLQIOXHQFHDQGUHODWLRQVKLS
EHWZHHQ FKHPLFDO VROXWLRQV RQ SRURVLW\ FKDQJH DV ZHOO DV WKH GHJUDGDWLRQ RI PDFUR PHFKDQLFDO
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SURSHUWLHVRIWKHOLPHVWRQHVDPSOHVDUHVXPPDULVHG7KHVHUHVXOWVZLOOXQFRYHUWKHURRWUHDVRQIRU
FKDQJHV LQPHFKDQLFDOSURSHUWLHVRI WKHFKHPLFDOFRUURGHGVHGLPHQWDU\ URFNV VXFKDV OLPHVWRQH
DQG UHYHDO WKH LQIOXHQFH RI WKH FKHPLFDO HURVLRQ RQ PLFUR GDPDJH HYROXWLRQ RI WKH URFNV XQGHU
WULD[LDOFRPSUHVVLRQ 
7HVWHGPDWHULDOVDQGH[SHULPHQWDOPHWKRGV 
6DPSOHSUHSDUDWLRQ 
Sedimentary rock, such as sandstone and limestone, distributes extensively in the superficial 
lithosphere, which is the main place for underground constructions and engineering geological. 
Thus, limestone, a common sedimentary rock in southwest China, is selected as the test sample in 
this experiment. 7KHOLPHVWRQHEORFNVZKLFKDUHVHOHFWHGIURPDVLQJOHEORFNZLWKRXWPDFURVFRSLF
FUDFNV IURPD WXQQHO FRQVWUXFWLRQVLWH LQ&KRQJTLQJ DUHPDFKLQHG LQWR F\OLQGULFDO VKDSHVZLWK D
OHQJWKRIPPDQGDGLDPHWHURIPP%\;-UD\GLIIUDFWLRQ;5'DQDO\VLVLWLVIRXQGWKDWWKH
OLPHVWRQHVDPSOHVDUHFRPSRVHGRIFDOFVSDUTXDUW]FHPHQWVDQGDFFHVVRU\PLQHUDOV7KH
PLFURVWUXFWXUHRIWKHOLPHVWRQHLVRROLWKLFDVVKRZQLQ)LJ 
 
)LJ0LFURVFRSHLPDJHRIDOLPHVWRQHVDPSOH&DOFDOFVSDU 
&KHPLFDOVROXWLRQV 
$FFRUGLQJ WR ZDWHU VDPSOH DQDO\VLV ZKLFK LV FROOHFWHG IURP WKH WXQQHO FRQVWUXFWLRQ VLWH LQ
&KRQJTLQJWKHS+YDOXHRIWKHZDWHUVDPSOHLVDQGWKHPDLQLFRQVDUH1D&D0J6D?ସଶି
&O-DQG+&2-7RVLPSOLI\ WKHH[SHULPHQWDOVWXG\ WKHFRPSOH[ LRQLFFRPSRVLWLRQRI WKHZDWHU LV
UHSODFHGE\1D62VROXWLRQZKLFKLVPDGHE\1D&OVROXWLRQDGGHGZLWK+627KHUHDUHWKUHH
S+ YDOXHV   DQG  RI WKH 1D62 VROXWLRQ DQG DOO LQLWLDO FRQFHQWUDWLRQV RI WKH FKHPLFDO
VROXWLRQVDUHPROā/- 
7HVWLQJSURFHVV 
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7KHVDPSOHVDUHVDWXUDWHGXVLQJDYDFXXPVDWXUDWLRQGHYLFH$IWHUVDWXUDWLRQIRUKVDPSOHVZLWK
VLPLODULQLWLDOSRURVLW\DUHVHOHFWHGXVLQJ105DQGFDWHJRULVHGLQWRVL[JURXSVWREHLPPHUVHGLQ
GLVWLOOHGZDWHUDQG1D62VROXWLRQVZLWK WKUHHS+YDOXHVDQGIRUWKUHHGHVLJQHGSHULRGV
GGDQGGDVOLVWHGLQ7DEOH 
Table 1 Groups of limestone specimens 
1RRIVSHFLPHQ S+ 7LPHG 1RRIVSHFLPHQ S+ 7LPHG 
$-   &-   
$-   &-   
$-   &-   
%-   '- 'LVWLOOHG:DWHU  
%-   '- 'LVWLOOHG:DWHU  
%-   '- 'LVWLOOHG:DWHU  
 
:KHQWKHVDPSOHVUHDFKWKHGHVLJQHGHURVLRQSHULRG105WHVWLVFRQGXFWHGWRDQDO\VHWKHSRURVLW\
FKDQJH $IWHU WKH 105 WHVWV WKH VDPSOHV DUH WDNHQ RXW RI WKH 105 PDFKLQH DQG SXW LQWR WKH
WULD[LDOSUHVVXUHFHOORI WKH5RFN- WHVWV\VWHPIRU WULD[LDOFRPSUHVVLRQ WHVWV7KHFRQILQLQJ
SUHVVXUH LV JUDGXDOO\ LQFUHDVHGXS WR03DDQG WKHQ IL[HG$IWHU WKDW D VWUDLQ FRQWUROPRGH LV
XVHGIRUWKHD[LDOORDGLQJDWDUDWHRIPPāPLQ-XQWLOWKHVDPSOHLVUXSWXUHG 
$IWHU WKHFKHPLFDOFRUURVLRQ WKHSRURVLW\ DQGVNHOHWRQVWUXFWXUHRI WKH URFNPD\ ODUJHO\FKDQJH
ZKLFKFRXOGLQIOXHQFHWKHPLFURGDPDJHHYROXWLRQRIWKHURFNXQGHUPHFKDQLFDOORDGLQJ7KXVLWLV
QHFHVVDU\ WR VWXG\ WKH PLFUR GDPDJH HYROXWLRQ RI WKH FKHPLFDO FRUURGHG URFN VDPSOHV GXULQJ
WULD[LDO FRPSUHVVLRQ ,Q WKLV VWXG\ WKH SRURVLW\ FKDQJHV DVVRFLDWHG ZLWK VWUHQJWK GHJUDGDWLRQ DUH
LQYHVWLJDWHGIRUDVHULHVRIOLPHVWRQHVDPSOHVXQGHUGLIIHUHQWWULD[LDOORDGLQJVWDJHV7KHGHVLJQHG
ORDGLQJVWDJH'/6RIURFNFDQEHGHILQHGLQ(TXDWLRQLQZKLFKɐୱLVWKHSHDNVWUHQJWKRIWKH
LQLWLDOVDPSOHVDQG³୧LVDWHVWGHVLJQHGSHUFHQWDJHRI³ୱ. ˙³౟³౩ൈ ͳͲͲΨ        ˄˅ 
6L[WHHQOLPHVWRQHVDPSOHVDUHGLYLGHGLQWRIRXUJURXSV(-+ZLWKIRXUVSHFLPHQVLQHDFKJURXS
7KHVH OLPHVWRQH VDPSOHV DUH LPPHUVHG LQ GLIIHUHQW S+ YDOXHV VROXWLRQV IRU  GD\V $IWHU WKDW
VDPSOHV DUH ORDGHG WR DSSUR[LPDWHO\DQG RI WKHSHFN VWUHQJWK GHWHUPLQHG
IURPJURXS&VSHFLPHQVUHVSHFWLYHO\7KHVHSDUWLDOO\ORDGHGVDPSOHVDUHUHPRYHGIURPWKH5RFN
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7HVWLQJ6\VWHPDQGVDWXUDWHGXQGHUDYDFXXPIRUDWOHDVWKDQGWKHLUSRURVLWLHVDUHGHWHUPLQHGE\
105DJDLQ)LQDOO\WKHVDPHVDPSOHVDUHWHVWHGWRIDLOXUH*URXSVRIVDPSOHVDUHOLVWHGLQ7DEOH
,WVKRXOGEHQRWHGVRPHFUDFNVSURGXFHGLQPHFKDQLFDOWHVWVPD\FORVHDIWHUWKHVDPSOHLVUHPRYHG
IURPWKHPHFKDQLFDOPDFKLQHEXWWKLVLVQRWFRQVLGHUHGLQWKLVVWXG\ 
7DEOH*URXSRI'/6VSHFLPHQV 
1RRIVSHFLPHQ S+ 7LPHˋ
G 
'/6 1RRIVSHFLPHQ S+ 7LPHˋ
G 
'/6 
(-    *-    
(-    *-    
(-    *-    
(-    *-    
)-    +- 'LVWLOOHG
:DWHU 
  
)-    +- 'LVWLOOHG
:DWHU 
  
)-    +- 'LVWLOOHG
:DWHU 
  
)-    +- 'LVWLOOHG
:DWHU 
  
 
([SHULPHQWDOUHVXOWV 
1057VSHFWUXPGLVWULEXWLRQ 
105 LV D SURFHVV LQ ZKLFK WKH QXFOHL LQ D PDJQHWLF ILHOG DEVRUE DQG UH-HPLW HOHFWURPDJQHWLF
UDGLDWLRQV'XULQJURFN105SRURVLW\PHDVXUHPHQW105PDFKLQHPDLQO\GHWHFWVWKH105VLJQDO
RIWKHK\GURJHQQXFOHXV+IURPIOXLGVZLWKLQWKHURFNSRUHV7KXVZKHQURFNLVVDWXUDWHGZLWK
ZDWHUWKHGHWHFWHGVLJQDOLVSURSRUWLRQDOWRWKHSRUHYROXPH%\PHDVXULQJWKHVLJQDOLQWHQVLW\RI
WKH K\GURJHQ DWRPV RI WKH ZDWHU LQ WKH IXOO\-VDWXUDWHG URFN 105 V\VWHP RXWSXWV WUDQVYHUVH
UHOD[DWLRQWLPHGLVWULEXWLRQ7VSHFWUXPZKLFKFDQEHFRQYHUWHGWRDSRUHVL]HGLVWULEXWLRQ7KH
VLJQDOVWUHQJWKRIWKH7VSHFWUXPGHSHQGVRQWKHVL]HRIZDWHU-VDWXUDWHGSRUHV7KHDUHDEHWZHHQ
WKHFXUYHDQGKRUL]RQWDOD[LVLV7VSHFWUXPDUHDZKLFKKDVDFORVHUHODWLRQVKLSZLWKSRURVLW\DQG
SRUHVL]HGLVWULEXWLRQRIWKHURFNDQGFDQEHFRQYHUWWRSRURVLW\RIWKHVDPSOHE\105PDFKLQH
LHWKHSRURVLW\LQFUHDVHVZLWKWKH7VSHFWUXPDUHDDQGWKHSHDNSRLQWRIWKHFXUYHLQFUHDVHVZKHQ
WKHSRUHVL]HLQFUHDVH 
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7 VSHFWUXPRI OLPHVWRQH LPPHUVHG LQGLVWLOOHGZDWHU DQGGLIIHUHQW S+ YDOXHV FKHPLFDO VROXWLRQV
RYHUGLIIHUHQWSHULRGV DUH VKRZQ LQ)LJ7KH7 VSHFWUXPGLVWULEXWLRQ IRU OLPHVWRQH VDPSOHKDV
WKUHHSHDNV7KHOHIWSHDNDQGWKHPLGGOHSHDNLQGLFDWHWKHVPDOOSRUHVDQGWKHWKLUGRQHLQGLFDWHV
ELJJHUSRUHV$IHZREVHUYDWLRQVFDQEHPDGHIURPWKHWHVWUHVXOWVVKRZQLQ)LJ$IWHUOLPHVWRQH
VDPSOHV EHLQJ LPPHUVHG LQ FKHPLFDO VROXWLRQ RU GLVWLOOHG ZDWHU WKHUH LV DQ LQFUHDVH RI WKH 7
VSHFWUXPDUHDDQGDQRWLFHDEOHFKDQJHRIFXUYHVKDSHLQGLFDWLQJDQLQFUHDVHGSRURVLW\7KHODUJHVW
FKDQJH RI 7 VSHFWUXP LV IRXQG LQ VDPSOHV LPPHUVHG LQ VROXWLRQ ZLWK S+ YDOXHV ZKLOH WKH
VPDOOHVW VSHFWUXP FKDQJH EHORQJV WR WKH VDPSOH LPPHUVHG LQ GLVWLOOHG ZDWHU 7KLV LV EHFDXVH
FDOFVSDU LQ WKH OLPHVWRQHVDPSOHV UHDFWVZLWK+ LRQV LQDFLGLF VROXWLRQZKLFKFDXVHVQHZVPDOO
SRUHVDQGSURPRWHVODUJHUSRUHVWRIRUP )RUWKHVDPSOHVLPPHUVHGLQGLVWLOOHGZDWHUVRPHRIWKH
PLQHUDOVLQWKHOLPHVWRQHGLVVROYHZKHQLPPHUVHGLQZDWHUOHDGLQJWRWKHIRUPDWLRQRIVPDOOSRUHV
DQGWKHHQODUJHPHQWRISRUHVEXWWKHSRURVLW\FKDQJHVDUHVOLJKWHUFRPSDUHGWRVDPSOHVLPPHUVHG
LQS+VROXWLRQV 
$IWHULPPHUVHGLQFKHPLFDOVROXWLRQVDQGGLVWLOOHGZDWHUIRUGD\VDVVKRZQLQ)LJDWKHUH
DUHVLJQLILFDQWFKDQJHVLQWKHVHFRQGDQGWKLUGSHDNV7KDWLQGLFDWHVWKHSRUHVL]HH[SDQGVDQGWKH
QXPEHU RI ODUJH SRUHV LQFUHDVHV )LJXUH E DQG F VKRZV WKH 7 VSHFWUXP RI WKH VDPSOHV
LPPHUVHGLQVROXWLRQIRUGD\VDQGGD\V7KHUHDUHVLJQLILFDQWFKDQJHVLQWKHVHFRQGDQGWKLUG
SHDNV7KLVLQGLFDWHVWKHUHLVDQLQFUHDVHLQVPDOOSRUHVVRPHRIZKLFKEHFRPHLQWHUFRQQHFWHGWR
IRUPODUJHUSRUHV7KLV LVGXHWR WKHIDFW WKDWZLWKDQLQFUHDVHLQ LPPHUVLRQWLPHLQWKHFKHPLFDO
HQYLURQPHQW WKH DFLG VROXWLRQ FRQWLQXRXVO\ SHUPHDWHV WKH OLPHVWRQH VDPSOHV IRUPLQJ QHZ
PLFURVFRSLFSRUHVDQGH[SDQGLQJVPDOOSRUHV)XUWKHUPRUHWKHFKDQJHVREVHUYHGLQS+VROXWLRQ
DQGGLVWLOOHGZDWHUDUHOHVVREYLRXVWKDQWKDWLQS+HQYLURQPHQW 
 
D7VSHFWUXPVRIVDPSOHVLPPHUVHGLQ1D62IRUGD\VE7VSHFWUXPVRIVDPSOHVLPPHUVHGLQ1D62IRUGD\V 
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F7VSHFWUXPVRIVDPSOHVLPPHUVHGLQ1D62IRUGD\VG7VSHFWUXPVRIVDPSOHVLPPHUVHGLQGLVWLOOHGZDWHU 
)LJ7 VSHFWUXPGLVWULEXWLRQRI OLPHVWRQH LQGLIIHUHQWFKHPLFDOVROXWLRQVDIWHUGLIIHUHQWGD\VRI
VRDNLQJ 
$IWHUEHLQJLPPHUVHGLQFKHPLFDOVROXWLRQVIRUGD\VVDPSOHVIURPWKHJURXSV(-+DUHGHVLJQHG
WREHFRPSUHVVHGDSSUR[LPDWHO\DQGRIWKHSHDNVWUHQJWKRIJURXS&DQGWKHQ
105LVXVHGWRPHDVXUHGDPDJHFKDQJHDIWHUWKHWULD[LDOFRPSUHVVLRQWHVWV7VSHFWUXPUHVXOWVRI
WKHVHVDPSOHVDUHVKRZQLQ)LJXUH 
 
D7VSHFWUXPVRIVDPSOHVLPPHUVHGLQ1D62IRUGD\VE7VSHFWUXPVRIVDPSOHVLPPHUVHGLQ1D62IRUGD\V 
 
F7VSHFWUXPVRIVDPSOHVLPPHUVHGLQ1D62IRUGD\VG7VSHFWUXPVRIVDPSOHVLPPHUVHGLQGLVWLOOHGZDWHU 
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)LJ&RPSDULVRQRI7SRUHVL]HGLVWULEXWLRQLQVSHFLPHQVXQGHUSUH-DQGSRVW-ORDGLQJFRQGLWLRQV 
2YHUDOO)LJD-GLQGLFDWHWKDWWKHQXPEHUDQGVL]HRIPLFUR-FUDFNVLQVSHFLPHQVLQFUHDVHZLWK
WKH LQFUHDVH RI WULD[LDO FRPSUHVVLRQ )URP WKH WHVW UHVXOWV LW FDQ EH IRXQG WKDW :KHQ WKH D[LDO
FRPSUHVVLRQUDWLRLVDERXW-WKHUHDUHVOLJKWO\GHFUHDVHVLQWKHILUVWDQGWKLUGSHDNVGXHWR
WKHIDFWWKDWWKHVSHFLPHQVDUHFRPSDFWHG:KHQWKHD[LDOFRPSUHVVLRQUDWLRLVDERXW-WKH
ILUVWDQGVHFRQGSHDNRI7VSHFWUXPLVELJJHUZKLFKPHDQVWKHPLFURGDPDJHRIOLPHVWRQHURFN
PDVV LV FDXVHG E\ VKDUS LQFUHDVH RI PLFUR FUDFNV E\ ERWK QXPEHU DQG VL]H :KHQ WKH D[LDO
FRPSUHVVLRQUDWLRLVWKLUGSHDNRI7VSHFWUXPLQFUHDVHVDORWZKLFKLQGLFDWHWKHUHDUHODUJH
DPRXQWRIELJJHUPLFUR FUDFNVGXH WR FRDOHVFH $V WKHD[LDO ORDGLQJFRQWLQXHV WKHPLFURFUDFNV
LQVLGHWKHOLPHVWRQHVDPSOHVZLOOVXVWDLQDEO\FRQQHFWWRIRUPPDFURFUDFNVOHDGLQJWRILQDOUXSWXUH 
3RURVLW\ 
6DPSOHVZLWKGLIIHUHQWFKHPLFDOHURVLRQIRU105LQYHVWLJDWLRQRISRURVLW\FKDQJHVDUHOLVWHG7DEOH
 )LJ VKRZV WKDW WKH SRURVLW\ JHQHUDOO\ LQFUHDVHV ZLWK LPPHUVLRQ WLPH EXW WKH LQFUHDVH UDWH
GHSHQGVRQWKHS+YDOXHVRIVROXWLRQV 
Table 3 Porosity changes in limestone samples after chemical erosion 
12RIVDPSOHV 7LPHG S+ ,QLWLDO3RURVLW\ (URVLRQ3RURVLW\ 3RURVLW\&KDQJH 
$-      
$-      
$-      
%-      
%-      
%-      
&-      
&-      
&-      
'-  
'LVWLOOHG
:DWHU    
'-  
'LVWLOOHG
:DWHU    
'-  
'LVWLOOHG
:DWHU    
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)LJ3RURVLW\FKDQJHVLQOLPHVWRQHVDPSOHVDIWHULPPHUVLRQLQFKHPLFDOVROXWLRQV 
$IWHULPPHUVLRQWKHSRURVLW\LQFUHDVHPRUHRUOHVVOLQHDUO\DJDLQVWLPPHUVLRQSHULRG,QDGGLWLRQ
VROXWLRQZLWKDORZHUS+YDOXHJLYHVDKLJKHUUDWHRISRURVLW\FKDQJHGXHWRPRUHLQWHQVHFKHPLFDO
UHDFWLRQDQG WKH VDPSOHV LPPHUVHG LQGLVWLOOHGZDWHU VKRZ WKHVPDOOHVW LQFUHDVH LQSRURVLW\ LH
 
7KHFKDQJHVRIWKHOLPHVWRQHLQPLFURVFRSLFDUHUHVXOWHGIURPWKHFKHPLFDOUHDFWLRQVWDNLQJSODFH
LQVLGHWKHOLPHVWRQHVDPSOHVVXFKDVFDOVSDUDQGWKHmicro-calciteUHDFWZLWK+LRQVZKLFKOHDGWR
SRURVLW\LQFUHDVLQJ Due to chemical ions exchange between the solution and the rock [30], there is 
a slight increase of porosity of the samples corroded by pH7 solution, and the porosity growth is 
higher than that in distilled water. The porosity increment is the smallest in the distilled water 
among all the sample groups. :KLOH WKH SRURVLW\ LQFUHDVH RI OLPHVWRQH VDPSOHV LPPHUVHG LQ
GLVWLOOHGZDWHULVUHODWLYHO\VPDOOHU7KLVLVEHFDXVHWKHPLFURVWUXFWXDOFKDQJHRIOLPHVWRQHVDPSOHV
H[SRVHGWRGLVWLOOHGZDWHULVPDLQO\FDXVHGE\WKHVRIWHQLQJRIWKHURFNDVZHOODVWKHGLVVROXWLRQRI
VRPHGLVVROYHGPLQHUDOVDQGcalcite dissolution, since the distilled water is not chemically balanced 
with the immersed limestone samplesEXW WKHUHKDVQRWEHHQDPRUHYLROHQWFKHPLFDO UHDFWLRQRI
WKHVDPSOHVLPPHUVHGLQS+VROXWLRQDQGGLVWLOOHGZDWHU 
*HQHUDOO\WKHYROXPHRIPLFUR-SRUHVRIURFNVLQFUHDVHJUDGXDOO\DVKLJKHUORDGVDSSOLHGZKLFKLV
LQGLFDWHGE\7DEOHDQG)LJ:KHQWKHD[LDOFRPSUHVVLRQUDWLRLVDERXWDQGSRURVLW\
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RIVDPSOH(-DQG(-VDPSOHVLPPHUVHGLQS+1D62VROXWLRQGHFUHDVHVOLJKWO\WRDQG
UHVSHFWLYHO\ZKLFKLVORZHUWKDQWKHRQHZLWKQRORDGLQJ7KLVLQGLFDWHVVDPSOHV(-
DQG (- DUH FRPSUHVVHG +RZHYHU GXULQJ WKH VDPH SHULRG SRURVLW\ RI VDPSOHV *- DQG *-
VDPSOHVLPPHUVHGLQS+1D62VROXWLRQLVDQGZKLOVWWKHSRURVLW\RIWKHVDPSOH
ZLWKQRORDGLQJLV7KLVLQGLFDWHVWKDWWKHOLPHVWRQHVDPSOHVLPPHUVHGLQORZHUS+VROXWLRQV
KDVDORQJHUFRPSUHVVLRQVWDJH7KLVLVEHFDXVHORZHUS+YDOXHVVROXWLRQLQFUHDVHWKHSRURVLW\RI
OLPHVWRQHVDPSOHVVLJQLILFDQWO\UHJDUGVWRRWKHUJURXSVRIVDPSOHV+LJKSRURVLW\ZRXOGHQODUJHWKH
FRPSUHVVLRQVWDJH 
:KHQWKHD[LDOFRPSUHVVLRQUDWLRLVDERXW-WKHVDPSOHVSHUIRUPHODVWLFGHIRUPDWLRQDQG
WKHLQFUHDVHRISRURVLW\LVVPDOO:KHQWKHD[LDOFRPSUHVVLRQUDWLRLVDERYHDQGEHORZ
SODVWLFGHIRUPDWLRQRFFXUVDQG WKHSRURVLW\RIVDPSOHV LQFUHDVHV VLJQLILFDQWO\VXFKDVVDPSOHV LQ
JURXS(ZKLFKSRURVLW\LQFUHDVHVIURPWR 
7DEOH3RURVLW\FKDQJHVLQOLPHVWRQHVDPSOHVXQGHUGLIIHUHQWORDGLQJFRQGLWLRQV 
'/6 S+- S+- S+- 'LVWLOOHG:DWHU 
     
     
     
     
     
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)LJ3RURVLW\FKDQJHVLQOLPHVWRQHVDPSOHVDIWHUFRPSUHVVLRQ 
3HDNVWUHQJWKDQG<RXQJPRGXOXV 
7KHFKHPLFDO VROXWLRQVKDYHDQ LPSDFWRQPLFURVWUXFWXUHRI OLPHVWRQHDVZHOO DV WKHPHFKDQLFDO
SURSHUWLHV)LJVKRZVWKDWWKHSHDNVWUHQJWKRIOLPHVWRQHVDPSOHVIURPJURXS$WRJURXS'ZLWK
GLIIHUHQW LPPHUVLRQ WLPH )LJ VKRZV WKH HODVWLF PRGXOL RI OLPHVWRQH VDPSOHV LPPHUVHG LQ
GLIIHUHQWFKHPLFDOVROXWLRQVIRUGLIIHUHQWSHULRGVRIWLPH 
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)LJ3HDNVWUHQJWKRIOLPHVWRQHLPPHUVHGLQGLIIHUHQWFKHPLFDOVROXWLRQV 
 
 
)LJ<RXQJPRGXOXVRIOLPHVWRQHVRDNHGLQGLIIHUHQWFKHPLFDOVROXWLRQV 
&KHPLFDOHIIHFWVDQGPLFURGDPDJHHYROXWLRQ 
&RUURVLRQPHFKDQLVPV 
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5RFNPDWHULDO LV D FRPSOH[PHGLXPRIWHQFRQWDLQLQJPDQ\FKHPLFDO LRQV'XH WR WKHJHRORJLFDO
SURFHVVHVXQGHUJURXQGURFNLVDOZD\VVXUURXQGHGE\ZDWHUDQGFRQWDLQVPDQ\SUH-H[LVWLQJLQWHUQDO
PLFUR-FUDFNV7KHUHIRUHWKHURFNLVXQDYRLGDEO\SHUPHDWHGE\ZDWHUDQGUHDFWVZLWKWKHFKHPLFDO
LFRQVLQWKHZDWHU7KHVHFKHPLFDOHURVLRQVZRXOGFKDQJHWKHPLFURVWUXFWXUHRIWKHURFN 
7ZRIDFWRUVKDYHFRQWULEXWHGWRWKHFKDQJHVLQWKHFRPSRVLWLRQDQGSRURVLW\RIURFN)LUVWWKHUHLV
GLVVROXWLRQ6RPHPLQHUDOSDUWLFOHVLQWKHURFNLQFRQWDFWZLWKZDWHUZLOOGLVVROYH6HFRQGWKHUHDUH
FKHPLFDOUHDFWLRQVZKLFKPHDQVVRPHPLQHUDOLQURFNUHDFWHDVLO\ZLWKFKHPLFDOLRQVLQFKHPLFDO
VROXWLRQ7KHVHWZRIDFWRUVOHDGWRDQLQFUHDVHLQSRURVLW\ZHDNHQWKHVNHOHWRQRIWKHURFNDQGIRUP
QHZ PLQHUDOV RI WKH URFN ZKLFK HYHQWXDOO\ OHDG WR WKH GHJUDGDWLRQ RI LWV PDFUR PHFKDQLFDO
SURSHUWLHV>@ 
0LQHUDOFRPSRVLWLRQVLQGLIIHUHQWURFNVDUHGLIIHUHQWZKLFKPHDQVWKDWFKHPLFDOFRUURVLRQHIIHFWV
DOVRGLIIHU$FFRUGLQJWRWKHPLQHUDOWHVWVWKHOLPHVWRQHVDPSOHVLQWKLVWHVWDUHPDLQO\FRPSRVHGRI
RROLWH FDOFVSDU TXDUW] FHPHQW ELR FODVWLF DQG PHWDO PLQHUDOV 7KH FDOFVSDU LQ WKH OLPHVWRQH
VDPSOHVFDQHDVLO\UHDFWZLWKDFLGLRQVHJ+UHVXOWLQJDQLQFUHDVHRIWKHSRURVLW\0RUHRYHUWKH
FHPHQWLVVROXEOHLQZDWHUFDXVLQJVHFRQGDU\SRURVLW\DVZHOODVFKDQJHVLQWKHURFNVWUXFWXUH 
&DOFVSDU DQG WKH micro-calcite XQGHUJRHV D FHUWDLQ GHJUHH RI GLVVROXWLRQ DQG K\GURO\VLV LQ WKH
FKHPLFDOHQYLURQPHQW7KHIROORZLQJUHDFWLRQVDUHOLNHO\WRRFFXULQDQDFLGLFVROXWLRQ˖ D?D?D?D?ଷ ൅ ʹD?ା ՜ D?D?ଶା ൅ D?ଶD? ൅ D?D?ଶ ՛          
7KHUHDFWLRQRILURQR[LGHLV D?D?ଶD?ଷ ൅ ͸D?ା ՜ ʹD?D?ଷା͵D?ଶD?              
7KHPDLQPLQHUDOFRPSRVLWLRQRITXDUW]LV6L2ZKLFKLVVWDEOHLQDFLGLFDQGQHXWUDOHQYLURQPHQWV
7KHUHDFWLRQLQGLVWLOOHGZDWHULV D?D?D?ଶ ൅ ʹD?ଶD? ՜ D?ସD?D?D?ସ                        
)RUPXODV ± VKRZ WKDW OLPHVWRQH VDPSOHV LQ WKLV VWXG\ XQGHUJRHV GLIIHUHQW UHDFWLRQV LQ
FKHPLFDOHQYLURQPHQWVUHVXOWLQJLQYDULRXVGHJUHHVRISRURVLW\FKDQJHVDQGVNHOHWRQVRIWHQLQJ 
)LJ LOOXVWUDWHV WKH UHODWLRQVKLS EHWZHHQ WKH SRURVLW\ LQFUHDVH DQG SHDN VWUHQJWK RI WKH WUHDWHG
OLPHVWRQH VDPSOHV DQG )LJ LOOXVWUDWHV WKDW WKH UHODWLRQVKLS EHWZHHQ WKH SRURVLW\ LQFUHDVH DQG
HODVWLFPRGXOXVRI WKH WUHDWHG OLPHVWRQHVDPSOHV$OO WKHPHFKDQLFDOSURSHUWLHVGHFUHDVHZLWK WKH
LQFUHDVLQJ RI SRURVLW\ 7KH ODUJHVW UHGXFWLRQ RI PHFKDQLFDO SURSHUWLHV LV IRXQG LQ WKH OLPHVWRQH
VDPSOHVLQS+VROXWLRQDQGWKHGHJUHHRIFKHPLFDOFRUURVLRQLVVPDOOHVWLQWKHGLVWLOOHGZDWHU  
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)LJ3HUFHQWDJHRISRURVLW\LQFUHPHQWYVSHDNVWUHQJWKRIWKHOLPHVWRQHVDPSOHV 
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)LJ3HUFHQWDJHRISRURVLW\LQFUHPHQWYV\RXQJPRGXOXVRIWKHOLPHVWRQHVDPSOHV 
 
0LFURGDPDJHSURSDJDWLRQXQGHUH[WHUQDOVWUHVV 
'LIIHUHQWSDUDPHWHUVKDYHEHHQFKRVHQWRFDOFXODWHPLFURGDPDJHZKLFKLQFOXGH(ODVWLFPRGXOXV
>@VWUDLQUDWHV>@, (QHUJ\GLVVLSDWLRQ>@8OWUDVRQLFZDYHYHORFLW\>@DQG$UHDVRQDEOH
GDPDJH YDULDEOH PXVW PHHW WKH EDVLF UHTXLUHPHQWV LW FRXOG WDNH WKH LQLWLDO GDPDJH LQWR
FRQVLGHUDWLRQLWLVHDV\WREHPHDVXUHGDQGFDOFXODWHGLWVHYROXWLRQODZFDQUHIOHFWWKHUHDOPLFUR
GDPDJH RI WKH URFN LW KDV DFWXDO SK\VLFDO PHDQLQJ >@ )RU WKH OLPHVWRQH VDPSOHV FRUURGHG E\
FKHPLFDO VROXWLRQ WKH FKDQJH RI SRURVLW\ LV WKH URRW FDXVH RI PDFUR PHFKDQLFDO SURSHUWLHV
GHJUDGDWLRQ)XUWKHUPRUHDVWKHLQLWLDOSRURVLW\FDQEHREWDLQHGE\105WKHSUH-H[LVWLQJGDPDJH
FDQEHWDNHQLQWRDFFRXQW LQ WKLVPHWKRG7KHUHIRUHSRURVLW\ LVXVHGDVDGDPDJHYDULDEOH LQ WKLV
VWXG\WRUHIOHFWWKHGHJUHHRIFRUURVLRQLQGLIIHUHQWFKHPLFDOVROXWLRQV 
7KHFKHPLFDOGDPDJHYDULDEOHVDUHFDOFXODWHGDV>@  ൌ ୚ି୚ీ୚ ൌ ୬ି୬బଵି୬బ 
:KHUH' LV WKHGDPDJHYDULDEOHDIWHUWGD\VLPPHUVLRQD?଴LV WKHSRURVLW\RIWKHRULJLQDOVDPSOH
DQGD?LV WKH SRURVLW\ DIWHU LPPHUVLRQ IRU W GD\V 7KHUHIRUH WKH GDPDJH HYROXWLRQ SURFHVV RI WKH
OLPHVWRQHVDPSOHVWUHDWHGZLWKFKHPLFDOHURVLRQDQGGLIIHUHQWORDGLQJFRQGLWLRQFDQEHVWXGLHG 
7KH PLFUR GDPDJH RI OLPHVWRQH LV FDOFXODWHG DFFRUGLQJ WR WKH SRURVLW\ FKDQJHV DFFRUGLQJ WR
IRUPXOD7KHPLFURGDPDJHRIWKHNH\ORDGLQJSRLQWVLVVHOHFWHGLQWKLVWHVW
 RI WKH SHDN VWUHQJWK 7KH PLFUR GDPDJH-VWUHVV-VWUDLQ UHODWLRQVKLS FXUYHV RI WKH FRUURGHG
VDPSOH XQGHU H[WHUQDO VWUHVV DUH SUHVHQWHG LQ )LJ  7KH 05, 0DJQHWLF 5HVRQDQFH ,PDJLQJ
REWDLQHGE\105V\VWHPRI WKHVDPSOH LV DOVRSUHVHQWHG LQ)LJ7KHZKLWHSRLQWV LQ WKH05,
UHIOHFW WKH ZDWHU LQVLGH WKH URFN DQG WKH EODFN DUHD LV WKH EDFNJURXQG 7KH EULJKWQHVV DQG WKH
QXPEHURIZKLWHSRLQWVRIWKHLPDJHLQFUHDVHZKHQWKHSRURVLW\LQFUHDVHV 
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D*URXS(S+VROXWLRQIRUGD\VE*URXS)S+VROXWLRQIRUGD\V 
 
F*URXS*S+VROXWLRQIRUGD\VG*URXS+GLVWLOOHGZDWHUIRUGD\V 
)LJD-G10,PLFURGDPDJH-VWUDLQDQGVWUHVV-VWUDLQFXUYHVRIWKHOLPHVWRQHVDPSOHV 
,WLVVKRZQWKDWWKHPLFURGDPDJHLQFUHDVHDQGWKH105LPDJHEHFRPHEULJKWHUZLWKWKHLQFUHDVH
RIVWUHVVDQGWKHPLFURGDPDJHRIVDPSOHVLPPHUVHGLQS+VROXWLRQVRIWHQJURZIDVWHUWKDQWKDWLQ
RWKHU VROXWLRQV $ERYH DOO WKH PLFUR GDPDJH ODZ RI OLPHVWRQH VDPSOHV VXEMHFWHG WR GLIIHUHQW
FRPSUHVVLRQ ORDGVFDQEHGLYLGHG LQWRIRXUVWDJHVFRPSUHVVLRQVWDJHPLFURGDPDJHVHPHUJHQFH
VWDJHVWDJHRIPLFURGDPDJHVGHYHORSPHQWIUDFWXUHDQGFROODSVHVWDJH8QGHUWKHH[WHUQDOVWUHVV
WKHOLPHVWRQHVDPSOHVDUHILUVWO\FRPSDFWHGDQG WKHPLFURFUDFNDQGSRUHVDUHFORVHGVRWKDW WKH
GDPDJHUDWHGHFUHDVHV$IWHUWKDWWKHQXPEHURIVPDOOSRUHVLQFUHDVHVVRPHRIWKHVHSRUHVEHFRPH
LQWHUFRQQHFWHGIRUPLQJODUJHUSRUHV:KHQWKHORDGLQJVWUHVVUHDFKHVDFHUWDLQSRLQWZKLFKZLOOEH
VKRZQ ODWHU WKH PLFUR FUDFNV LQFUHDVLQJ UDWH LV UHGXFHG DQG WKH PLFUR FUDFNV DUH FRQQHFWHG LQWR
PDFURIUDFWXUH]RQHVZKLFKOHDGVWRUXSWXUHRIWKHOLPHVWRQHVDPSOHV 
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(a) 6DPSOHLPPHUVHGLQS+VROXWLRQ 
 
(b) 6DPSOHLPPHUVHGLQGLVWLOOHGZDWHU 
)LJ05,DQGVWUHVV-VWUDLQFXUYHRIWKHOLPHVWRQHVDPSOH3RLQW$RIWKHSHDNVWUHQJWK3RLQW
%RIWKHSHDNVWUHQJWK3RLQW&RIWKHSHDNVWUHQJWK3RLQW'RIWKHSHDNVWUHQJWK 
7KH OHQJWKRI WKRVHGDPDJH VWDJHVKDV D FORVH UHODWLRQVKLSZLWK WKHGDPDJH FDXVHGE\ FKHPLFDO
VROXWLRQVHURVLRQZKLFKPDNHV WKH OHQJWKRIHDFKPLFURGDPDJHVWDJH LVGLIIHUHQW LQHDFKJURXS
7KHFRPSUHVVLRQVWDJHRIOLPHVWRQHVDPSOHVLPPHUVHGLQORZHUS+VROXWLRQLVORQJHUWKDQWKDWLQ
KLJKHUS+YDOXHVVROXWLRQDQGGLVWLOOHGZDWHU $QGWKHVDPSOHVLPPHUVHGLQS+YDOXHVVROXWLRQ
WKH PLFUR GDPDJHV GHYHORSPHQW VWDJH LV VKRUWHU WKDQ WKDW LPPHUVHG LQ GLVWLOOHG ZDWHU 7KLV LV
EHFDXVH WKH URFN VWUXFWXUH RI OLPHVWRQH VDPSOHV DIWHU FKHPLFDO HURVLRQ EHFRPHV VRIWHU WKDQ WKH
RULJLQDO RQHV ZKLFK PDNHV WKH GDPDJH HYROXWLRQ SURFHVV DFFHOHUDWHG 7KLV LV GLIIHUHQW IURP WKH
PLFUR GDPDJH HYROXWLRQ SURFHVV RI WKH VDPSOHV LPPHUVHG LQ GLVWLOOHG ZDWHU LQ ZKLFK PLFUR
GDPDJHV GHYHORSPHQW VWDJH LV VORZO\ GHYHORSHG UHODWLYHO\ ,Q FRQFOXVLRQ WKH FKHPLFDO HURVLRQ
DFFHOHUDWHVWKHFRQYHUJHQFHRIWKHPLFURFUDFNDVZHOODVWKHUXSWXUHVWDJH 
7DNH *URXS ( VDPSOHV LPPHUVHG LQ S+ YDOXHV VROXWLRQ DQG *URXS + VDPSOHV LPPHUVHG LQ
GLVWLOOHGZDWHUDVDQH[DPSOHZKLFKLVVKRZQLQ)LJ:KHQWKHORDGLQJVWUHVVLQ*URXS(UHDFKHV
 03D  RI WKH SHDN VWUHQJWK RI &- ZKLFK LV  03D WKH GDPDJH UDWH GHFUHDVHV
VOLJKWO\IURPWR7KLVPHDQVWKDW WKHLQWHUQDOPLFUR-FUDFNVDQGDUHFORVLQJXSDQG
WKHVDPSOHLVFRPSUHVVHG7KLVFDQDOVREHREVHUYHGIURPWKH105LPDJHVZKLFKEHFRPHGDUNHU
:KHQ WKH ORDGLQJ VWUHVV UHDFKHV  03D  RI WKH SHDN VWUHQJWK RI &- WKH GDPDJH UDWH
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LQFUHDVHV VOLJKWO\ IURP  WR  EXW VWLOO ORZHU WKDQ WKH RULJLQDO VDPSOH &- ZKLFK
LQGLFDWHV WKHVDPSOH LV VWLOO LQFRPSUHVVLRQVWDJH+RZHYHUZKHQ WKH ORDGLQJVWUHVVRI VDPSOH+
UHDFKHVRIWKHSHDNVWUHQJWKWKHGDPDJHUDWHEHJLQVWRLQFUHDVHIURPWR7KLV
PHDQVWKDWWKHLQWHUQDOPLFUR-FUDFNVDUHHPHUJLQJDQGWKHVDPSOHLQJURXS+DOUHDG\UHDFKHVPLFUR
GDPDJHVHPHUJHQFHVWDJH&RPSDUHGZLWK7YDOXHVLQ)LJZKHQWKHORDGLQJVWUHVVRIVDPSOHLQ
JURXS ( UHDFKHV  RI WKH SHDN VWUHQJWK WKH ILUVW DQG WKLUG SHDNV LQFUHDVH LQGLFDWLQJ WKDW WKH
QXPEHURIVPDOOSRUHVLQFUHDVHVDQGVRPHRIWKHPEHFRPHLQWHUFRQQHFWHGWRIRUPODUJHUSRUHVDV
WKHVDPSOHVDUHLQVXVWDLQDEOHGHYHORSPHQWVWDJH+RZHYHUGXULQJWKHVDPHSHULRGWKHVDPSOHVLQ
*URXS+DUHVWLOOLQPLFURGDPDJHVHPHUJHQFHVWDJH 
)XUWKHUPRUH IRUFKHPLFDOFRUURGHGVDPSOHVZKHQWKHD[LDOFRPSUHVVLRQUDWLRLVEHORZWKH
PLFURGDPDJHRI OLPHVWRQHURFNPDVV LVFDXVHGE\ DVKDUS LQFUHDVHRIQXPEHUDQGVL]HRIPLFUR
FUDFNV+RZHYHUZKHQ WKHD[LDOFRPSUHVVLRQUDWLR LVDERYH WKHVDPSOHV UHDFK IUDFWXUHDQG
FROODSVH VWDJH ,Q WKLV VWDJH WKH PLFUR FUDFNV LQFUHDVLQJ LV UHVWUDLQHG WKH PLFUR GDPDJH RI
OLPHVWRQHURFNPDVVLVFDXVHGE\PLFURFUDFNFRQQHFWLRQ 
&RQFOXVLRQV 
:LWKWKHDSSOLFDWLRQRI105WHFKQLTXH WKLVVWXG\LQYHVWLJDWHGWKHSRURVLW\FKDQJHVRIOLPHVWRQH
DIWHUFKHPLFDOHURVLRQDQGDQDO\VHGWKHUHODWLRQVKLSEHWZHHQFKHPLFDOHURVLRQDQGWKHPLFURFUDFN
SURSDJDWLRQGXULQJWULD[LDOFRPSUHVVLRQ%DVHGWKHH[SHULPHQWVVRPHFRQFOXVLRQVFDQEHGUDZQDV
IROORZLQJ 
 7KH 105 WHFKQLTXH KDV EHHQ IRXQG WR EH VXFFHVVIXO IRU LQYHVWLJDWLQJ WKH PLFUR GDPDJH
HYROXWLRQRIOLPHVWRQHXQGHUFKHPLFDOHURVLRQDQGWULD[LDOPHFKDQLFDOORDGLQJ7KHPLFURFUDFNVLQ
OLPHVWRQH VDPSOHV WUHDWHG ZLWK GLIIHUHQW S+ YDOXHV RI FKHPLFDO VROXWLRQV DQG XQGHU GLIIHUHQW
ORDGLQJFRQGLWLRQVFDQEHGLUHFWO\YLVXDOLVHGE\WKH105V\VWHP 
  %\ XVLQJ WKH 105 WKH 7 YDOXHV 105 LPDJHV DUH REWDLQHG DQG UHVXOW LQGLFDWHV WKDW WKH
SRURVLW\FKDQJHLVWKHURRWFDXVHRIWKHPHFKDQLFDOSURSHUWLHVGHJUDGDWLRQ0HDQZKLOHE\FKRRVLQJ
SRURVLW\ DV WKH PLFUR GDPDJH YDULDEOH WKH LQWHUQDO URFN GDPDJH HYROXWLRQ SURFHVV FDQ EH
FDOFXODWHGIRUPXOD 
&KHPLFDOFRUURVLRQFKDQJHVWKHPHFKDQLFDOSURSHUWLHVRIWKHOLPHVWRQHVDPSOHVDQGWKHPLFUR
GDPDJHHYROXWLRQODZRIOLPHVWRQHVDPSOHVVXEMHFWHGWRGLIIHUHQWFRPSUHVVLRQORDGVFDQEHGLYLGHG
LQWR IRXU VWDJHV FRPSUHVVLRQ VWDJH PLFUR GDPDJHV HPHUJHQFH VWDJH VWDJH RI PLFUR GDPDJHV
GHYHORSPHQWIUDFWXUHDQGFROODSVHVWDJH7KHFKDUDFWHUVRIWKHVHVWDJHVZKLFKDUHLQYHVWLJDWHGE\
105H[SHULPHQWVKDYHDFORVHUHODWLRQVKLSZLWKWKHFKHPLFDOLQGXFHGPLFURGDPDJH 
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 %DVHG RQ WKH H[SHULPHQWDO UHVXOWV WKH chemical-mechanical modeling will be pending for 
further research, and the UHVXOWVFDQEHXVHGIRUprediction of the mechanical behaviour of chemical 
corroded rocks in real constructions. 
$FNQRZOHGJHPHQWV 
)LQDQFLDOVXSSRUWIURPWKH1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQD*UDQW1RDQG
WKH 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KRQJTLQJ *UDQW 1RFVWVMF\M$ DUH JUDWHIXOO\
DFNQRZOHGJHG7KHDXWKRUVZRXOGOLNHWRWKDQN3URIHVVRUV-LH<DQJDQG.DLQDQ;LH¶VIRUWKHLUKHOS
ZLWK105H[SHULPHQWV 
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